The effects of heat stress on the antimicrobial drug resistance of Escherichia coli of the intestinal tract of swine were studied in animals from a farm that had not been supplementing antimicrobials in feed for the past 10 years. In one study, 10 ®nisher hogs were heat stressed (34 C) for 24 h. Antimicrobial resistance levels after stress were signi®cantly higher (P < 0Á05) when compared with pre-stress levels for amikacin, ampicillin, cephalothin, neomycin and tetracycline from faecal samples. This high level of resistance persisted to slaughter that occurred at 10 days post-stress for most of the antimicrobials mentioned. In a second study, samples of different sections of the gastrointestinal tract were collected after heat stress and compared with control, non-stressed animals. Results indicated that E. coli which colonized the ileum and caecum had a higher level of resistance to ampicillin and tetracycline than the E. coli which colonized the colon and rectum. When animals were exposed to heat stress, resistance to ampicillin and tetracycline of E. coli in the lower digestive tract increased (P < 0Á05) to a level similar to that observed in the ileum and caecum. Based on these ®ndings, an investigation was made to test the hypothesis that (a) an increase in intestinal motility increases shedding of resistant E. coli and (b) heat stress induces a reduction in intestinal transit time in swine. For each study, two groups of three, randomly selected ®nisher hogs each were formed (treated and control groups). In study (a), induction of increased motility and peristalsis was obtained using an intramuscular injection of the cholinergic drug neostigmine methylsulphate. Escherichia coli isolates were obtained from the ileum, caecum, colon and rectum after animals were slaughtered. A higher level of ampicillin-resistant E. coli was found in the caecum (40%) than in other segments of the intestinal tract. In treated animals, level of resistance increased for organisms from the colon and rectum. Similar results were obtained for tetracycline resistance. In study (b), intestinal transit time was measured using chromium-EDTA as a marker. Swine were euthanized and samples were collected throughout the intestinal tract (duodenum to rectum) 8 h after administration of the marker to control and heat-stressed animals. Results indicated a reduced transit time for the stressed group. These ®ndings corroborate the initial hypothesis that an out¯ow of resistant organisms moves from the upper tract (ileum and caecum) to the lower tract (colon and rectum).
INTRODUCTION
Gastrointestinal micro¯ora may be disturbed by many forces, including antimicrobial drugs, starvation or other dietary changes, certain changes in the environment and, possibly, by fear and other extreme emotions (Moon et al. 1979; Savage 1982; Tannock 1983) . Changes in antimicrobial resistance after transport and holding stress in swine have been reported Molitoris et al. 1987) , as well as after movement of animals into and out of their pens (Hedges and Linton 1988) . There have been some reports describing increasing antimicrobial drug resis-tance of Escherichia coli in the intestinal¯ora of swine after animals were exposed to some type of stress, i.e., shipping and/or moving Langlois et al. 1986; Molitoris et al. 1987) . No scienti®c explanation has been found for this phenomenon. Apparently, factors other than feeding or use of antibiotics play a role in establishing or maintaining the antibiotic resistant micro¯ora of animals.
There is increasing evidence that different stressors affect gastrointestinal motility in humans (Varel et al. 1982; Stanghellini et al. 1983 ) and animals (Garrick et al. 1986; Lenz et al. 1988; Williams et al. 1988) . Stress stimulates colonic motor activity in humans (Narducci et al. 1985) . Restraint of rats at room temperature or in cold environments stimulated colonic transit time and faecal pellet output (Lenz et al. 1988; Williams et al. 1988; Barone et al. 1990 ). Environmental and dietary stress have also been shown to increase the number of coliforms in the jejunum, ileum and caecum in mice and decrease lactobacilli (Tannock and Savage 1974) . Increases in the number of coliforms inhabiting the small intestine have been reported in pigs exposed to heat or cold stress (Sinkovics 1975) .
Here, the effects are described of heat stress on the antimicrobial resistance of E. coli from the intestinal tract of swine from a farm where no antimicrobials had been supplemented in feed for the past 10 years. It was also studied whether (i) changing transit time, by administration of drugs which affect intestinal motility, would duplicate the previous observation of increased antimicrobial resistance of E. coli from the lower intestinal¯ora of swine, and (ii) intestinal transit time would be affected when animals were exposed to heat stress.
MATERIALS AND METHODS

Experimental animals
Finisher pigs (85 k) from a farm where feed had not been supplemented with antibiotics for over 10 years were used in this study. Randomly selected animals from a single pen were transported to the research facility 30 days before the initiation of the study and allowed to acclimate in isolated pens at 21 C. Animals had free access to water and were fed the same antimicrobial drug-free feed as at the farm of origin. Four different studies were performed.
Study 1
Ten ®nisher hogs were randomly allocated to three groups. All groups were exposed to controlled temperatures of 34 C (heat stress) and 65% relative humidity for 24 h. Faecal samples were collected on a weekly basis prior to the initiation of treatment as well as every day during, and for 10 days after terminating stress. Rectal temperatures were measured before and at the end of stress. Animals were then slaughtered at the Iowa State University Meats Laboratory located 3 km from the research facilities.
Study 2
Four groups (A, B, C and D) of three randomly selected animals each were formed. Groups B, C and D were exposed to controlled temperatures of 34 C (heat stress) and 65% relative humidity in the following way. Group B was exposed to heat stress for 8 h and the animals were immediately slaughtered afterwards; group C was exposed for 24 h and slaughtered immediately afterwards, and group D was also exposed for 24 h but was slaughtered after 1 week. Group A was an unexposed control. Rectal temperatures were measured before treatment and again at the termination of stress. Weekly faecal samples were collected prior to the initiation of the study. All groups were slaughtered at the meat laboratory.
Both ends of a 20±30 cm segment of ileum, ileocaecal valve±caecum, ascending colon, transverse colon, descending colon and rectum were ligated and the segments removed. Culturing of samples was performed within 2 h of obtaining the intestinal segments.
Carcass surfaces were cultured at the meat laboratory so that any E. coli represented bacteria of faecal origin. The ham, back, shoulder and peritoneal cavity were sampled by swabbing 250 cm 2 with absorbent cotton swabs and placed in 10 ml Phosphate Buffer Solution (PBS).
Study 3
Six pigs were randomly allocated in two groups (three animals per group). Faecal samples were collected on a weekly basis prior to the initiation of the study for determination of baseline prevalence of ampicillin and tetracycline resistance of intestinal E. coli. Intestinal hypermotility was induced by the use of neostigmine methylsulphate (0Á03 mg kg À1 )(Stiglyn, Pitman-Moore, Inc., Mundelein, IL, USA). Two intramuscular injections were administered 17 and 9 h prior to slaughter of the experimental group. Control animals were injected with distilled water at the same time intervals. Animals were slaughtered at the Iowa State University Meats Laboratory. Samples of 20±30 cm segments of ileum, caecum, colon and rectum were ligated at both ends and removed. Culturing of samples was performed as described in study 2.
Study 4
Six pigs were randomly allocated in two groups (three animals per group). Faecal samples were collected on a weekly basis prior to the initiation of the study for determination of baseline levels of ampicillin and tetracycline resistance. The stressed group was exposed to controlled temperatures of 34 C (heat stress) and 65% relative humidity for 24 h. Rectal temperatures were registered before and during heat stress. For determination of intestinal transit time, a soluble marker, CrEDTA (chromium chloride and ethylenediaminetetraacetic acid, Sigma Chemical Co.), was used: 50 g CrCl 3 .6H 2 O and 62 g disodium EDTA were boiled in 500 ml distilled water for 1 h; a small excess of EDTA was neutralized with 10 ml 1 mol 1 À1 calcium chloride and the pH was brought to 7Á0 (Binnerts et al. 1968) . A 45 ml dose of this CrEDTA was given by stomach tube to each control and stressed animal 8 h before slaughter. Immediately following slaughter at the university facilities, ligated samples of 25 cm of duodenum, jejunum, ileum, caecum, centripetal section of the ascending colon (CA), centrifugal section of the ascending colon (CB), transverse colon (CC), descending colon (DC) and rectum were collected, placed in plastic bags and put in refrigeration for up to 4 h before processing. For chromium determination, intestinal contents were removed from each segment by alternately compressing and stretching the segments to expel all removable contents, which were then transferred to vessels large enough to hold the contents. The mucosal linings of the segments were then washed with distilled water to assure complete removal of matter. The washings were added to the contents in the beakers or dishes. Samples were dried on a hot plate and subsequently ashed. The specimens were removed from the containers using concentrated hydrochloric (HCl) acid and ®nally washed and diluted with 50 ml each of 2 N hydrochloric acid (Stahr 1991) . The extracts were then analysed by atomic absorption, diluting them as required. The amount of chromium found was reported as micrograms per segment.
Microbial analysis
Tenfold serial dilutions into sterile buffered saline of approximately 5 g intestinal content material were plated on Tergitol agar (Difco Manual, Difco Laboratories, Detroit, MI, USA) with TTC (triphenyltetrazolium chloride). Plates were incubated at 37 C for 18±24 h. Ten smooth E. coli colonies were randomly picked from each culture and biochemically identi®ed (Ewing 1986) .
Antimicrobial susceptibility results were determined using a broth dilution breakpoints method in which the antimicrobials were prepared commercially in a microlitre plate format (SENSITITRE Ltd, Crawley, UK) for study 1. For studies 2 and 3, ampicillin and tetracycline were selected. An agar dilution procedure was used, with breakpoints at 8 mg ml À1 for ampicillin and 4 mg ml À1 for tetracycline (Sigma), with each isolate reported as susceptible or resistant (Sahn and Washington 1991; Koneman 1992) .
Swabs from carcass samplings were plated on MacConkey agar and incubated for 18±24 h. Escherichia coli isolates were identi®ed biochemically (Ewing 1986 ). Comparisons were made between E. coli antimicrobial resistance patterns from carcasses and those from contents of intestinal segments.
Counts for that portion of the total coliform population (lactose-positive enteric bacteria) resistant to ampicillin and tetracycline were determined by plating in duplicate 10-fold dilutions of intestinal contents, as described above, on MacConkey agar, and MacConkey agar plus 25 mg ampicillin ml À1 and 25 mg tetracycline ml À1. Plates were incubated at 37
C for 24 h and lactose-positive colonies were counted. The percentage of the coliform population resistant to ampicillin and tetracycline was determined by dividing the count obtained on MacConkey agar plus 25 mg ampicillin ml À1 and 25 mg tetracycline ml À1 by the count obtained on MacConkey agar without antibiotics, and multiplying by 100 (Langlois et al. 1986 ).
Plasmid profiles
Plasmid DNA was extracted from selected isolates of E. coli from different intestinal segments by a rapid alkaline extraction procedure (Birnboim and Doly 1979) . The plasmid DNA of each isolate was separated by submerged agarose gel electrophoresis, using tris-acetate (40 mmol l
À1
Tris, 20 mmol l À1 sodium acetate, 2 mmol l À1 EDTA, pH 7Á8) as the buffer system. Plasmid separation was performed by use of 0Á75% DNA grade agarose (BRL Life Technologies Inc.), with electrophoresis performed horizontally at 75 V for 2 h. The DNA was stained by immersing the gel in 100 ml distilled water containing 10 ml ethidium bromide (1Á0 mg ml À1 ) solution and allowing it to stand at 21 C for 20 min. Gels were viewed with a u.v. transilluminator and were photographed through a red ®l-ter.
Statistical analysis
Mean coliform counts were log transformed before statistical analysis. The data were analysed by ANOVA. Differences were considered signi®cant at the P < 0Á05 level (Snedecor and Cochran 1989) .
RESULTS AND DISCUSSION
Study 1
Heat stress in pigs increased levels of single and multiple antimicrobial resistance in E. coli cultured from the faeces of these animals. These high levels of resistance tended to persist during the 10 days post-stress, at which time the swine were slaughtered. A signi®cant increase of resistance was observed after animals were exposed to heat stress for 24 h to amikacin, ampicillin, cephalothin, neomycin and tetracycline. A peak in resistance was obtained immediately following stress. Subsequent samples exhibited a progressive drop in resistance, with exceptions for ampicillin and neomycin which showed a drop in resistance after stress (three days) but reached comparable stress levels 10 days after exposure to stress (Fig. 1) . Reports of increased levels of antimicrobial resistance after the stress of moving and shipping pigs also mention a relatively slow return to previous levels of prevalence of antimicrobial resistance Langlois et al. 1986) .
Only 25% of the pre-stress isolates showed multiple antimicrobial resistance patterns (Table 1 ). In contrast, multiple resistance was observed in 85% of isolates stressed from swine.
Study 2
Percentages of resistance to ampicillin for isolates from the ileum of non-stressed (control) swine showed signi®cantly higher levels of resistance (37%) than isolates from caecum (20%), colon (9%) or rectum (4%). The stressed groups of swine showed signi®cant increases in ampicillin resistance for isolates from the lower intestinal tract (colon and rectum segments) (Fig. 2) . Non-stressed percentages of resistance to tetracycline were signi®cantly higher for isolates from the upper intestinal tract (ileum and caecum) than from those from the lower intestinal tract (colon and rectum), as shown in Fig. 3 . All the heat-stressed groups (B, C and D) showed signi®cant increases in tetracycline resistance in isolates from the colon and rectum compared with the unstressed group (A). Results for isolates from the ileocaecal valve were statistically similar to those from the ileum; isolates from the different segments of the colon were all statistically similar.
Antimicrobial resistance patterns for the control group, as well as for the stressed group C (stressed 24 h), are shown in Tables 2, 3, 4 and 5. The predominant resistance pattern in isolates from the ileum and caecum in control and stressed animals was to tetracycline, as was true for isolates from the colon and rectum from the control group. Stressed animals, however, had predominantly ampicillin tetracycline resistance patterns for isolates from the lower intestinal segments.
Studies involving young chickens and pigs have indicated that the majority of O serogroups present in faeces are not necessarily the same as those colonizing other parts of the intestine (Hinton et al. 1982 (Hinton et al. , 1985a . Differences in the proportions of intestinal bacterial populations have been found between populations of the caecum and colon of individual pigs, as well as between populations associated with caecal epithelial tissue and populations of the lumen (Allison et al. 1979; Valori et al. 1986 ). Interestingly, sizeable differences between the caecum and colon have been reported for eH and pH in pigs (Allison 1989) .
The complexity of the E. coli¯ora varies between individuals and also within individuals, especially as animals grow older. The population of E. coli in the intestinal tract is not static, and a turnover of strains has been demonstrated in humans as well as in other animal species (Hinton et al. 1985a,b) . Individuals acquire new strains from food, the environment and other animals (Linton and Hinton 1988) .
The explanation for both the instability of the E. coli faecal¯ora and its progressive simpli®cation as animals mature has not yet been determined. Several factors probably operate, including the effect of the genetic constitution of individual E. coli strains, the diet, the immune responses of the hosts and the interaction between E. coli and other bacterial species comprising the intestinal micro¯ora. The statistical consideration of sampling E. coli isolates from faeces has been considered (Hedges et al. 1977) . The more complex the E. coli¯ora the greater the number of colonies that has to be examined in order to obtain a reasonable estimate of the majority of O serogroups present in the sample. However, small samples have a value, as indicated in one study which showed that at least 76% of the majority of serotypes could be detected when 10 colonies were selected (Linton et al. 1978) .
Results of carcass swabbing and culturing are presented in Fig. 4 . Escherichia coli isolates were obtained from swine in the control group as well as group C. A signi®cant difference was observed for tetracycline resistance between isolates obtained from the carcasses of the control (40%) vs the stressed group (80%). This indicated that stressed animals were shedding higher numbers of resistant bacteria and that they contaminated the carcasses.
Escherichia coli isolates from the colon and rectum of control animals had plasmid pro®les that differed from the pro®les of isolates from the same segments of stressed animals. In addition, the number of plasmids present per isolate from the colon and rectum of control animals was lower than the number present in isolates from the colon and rectum of stressed animals.
This study indicates that a population of E. coli with a higher level of resistance to antimicrobial drugs, such as ampicillin and tetracycline, inhabits and colonizes the ileum and caecum compared with populations of the colon and rectum.
Study 3
A signi®cant increase in the percentage of ampicillin-and tetracycline-resistant E. coli was observed, after animals were injected with neostigmine, for isolates of the colon (55% and 70%) and rectum (58% and 64%). Figure 5 shows ampicillin resistance for the control and treated groups. Within control animals, 18% and 23%, respectively, of isolates from the colon and rectum had ampicillin resistance. The treated group showed no signi®cant differences when compared with the control group for isolates from ileum and caecum. Tetracycline resistance levels for the ileum and caecum were signi®cantly higher than for the colon and rectum isolates of control animals. Treated animals had similar levels of tetracycline resistance for ileum and caecum (68% and 78%). Escherichia coli isolates from the colon and rectum had signi®cantly higher levels of tetracycline resistance for the treated animals than the control group (Fig. 6) . Levels of ampicillin and tetracycline resistance in total coliforms were similar to that obtained for E. coli (data not shown). A signi®cant difference in coliform counts between control and treated groups of pigs was not detected.
Changes in the intestinal microbial¯ora mass have been reported in humans when transit time was reduced by administration of drugs (Stephen et al. 1987) . In the habitat of the lumen of the small intestine, the rate of bacterial removal exceeds the maximum rate of multiplication of probably all known bacteria (Freter 1983) . Therefore, only bacteria that are capable of adhering to the gut wall can colonize this habitat. In the large intestine, the rate of removal is considerably slower, and colonization is possible without recourse to adhesion to the gut wall. It is thought that an increase in intestinal motility and peristalsis produces an out¯ow of resistant E. coli organisms from the upper to the lower segments of the intestinal tract.
Study 4
Evidence of decreased transit time when animals are under heat stress was demonstrated in the fourth study. Most of the chromium recovered in the control group was located in the caecum (60%). Colon A had 19% and colon B had 16% of the total. Other sampled segments had values between 0Á5 and 2%. Forty-two percent of the recovered chromium from the stressed group was located in the caecum, 10% from colon A, 34% from colon B and 8% from colon C. All these values were statistically signi®cant when compared with the control group. Percentages for the other segments ranged from 0Á5 to 3%. Figure 7 shows both groups of animals and percentages of total chromium recovered.
Physical restraint in the rat has been shown to inhibit small bowel transit and stimulate large bowel transit (Williams et al. 1987) . In a study of long duration stress in rats, a normal motility pattern was restored in the small intestinal tract, but alterations were still present in the colon, long after the stress stimulus (Wittmann et al. 1990 ).
In conclusion, it has been demonstrated that heat stress in swine increased propulsion of intestinal content, causing a reduction in transit time. It is believed that the upper gastrointestinal tract may act as a reservoir for resistant E. coli organisms, even after many years of no direct supplementation of antimicrobials in feed. When animals are stressed, resistant bacteria from the upper tract¯ow to the lower tract and are shed into the environment. University, for their advice regarding the physiology of the gastrointestinal tract of swine. The technical assistance of J. Simon is gratefully appreciated. 
